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Background
Marine aquaculture (including shellfish) currently accounts for >25% of all fish consumed by humans, and is believed to cause severe damage to worldwide coastal environments through habitat destruction, waste disposal, disease transmission, and biological pollution of native populations with exotic genotypes (Naylor et al. 1998 (Naylor et al. , 2000 . While scientific documentation of the latter has been provided for some vertebrate species, such as the well-known case of Atlantic salmon (see Gross 1998), relatively little attention has been paid to invertebrates such as shrimp, which are now farmed over hundreds of thousands of hectares of former mangrove forests, particularly in southeast Asia and Latin America. Cultured shrimp are subjected to overcrowding and self-pollution and are thus more susceptible to disease outbreaks [ Leung and Tran 2000) although attempts to culture disease-resistant shrimp are currently underway (Clifford 1998) ]. In addition, cultured shrimp are often intentionally inbred in an effort to enhance overall size and growth potential (Dumas and Ramos 1999; Ibarra 1999; De Beausset et al. 2001; De Donato et al. 2001) , thereby reducing their genetic diversity, i.e. adaptive potential, relative to their wild counterparts (Sbordoni et al. 1986; Harris et al. 1990; Sunden and Davis 1991; Wolfus et al. 1997; Xu et al. 2001 , Zhuang et al. 2001 . Thus, the inadvertent release of captive shrimp into tropical estuaries and their subsequent assimilation by native populations may serve to both enhance disease transmission and reduce long-term population viability.
In Honduras, the aquaculture industry is most heavily concentrated along the Pacific Coast surrounding the Gulf of Fonseca. Postlarval shrimp used for stocking purposes are acquired as highly inbred lines from foreign sources in Panama, Ecuador, and the United States (A. Oviedo, personal communication) , and to a lesser extent from the local estuaries where they are harvested by local fishermen (DeWalt et al. 1996a) . Thus, it is not surprising that several extremely virulent diseases, including white spot virus (Lightner et al. 1998; Wang et al. 1999; Soto and Lotz 2001) , first appeared in the population of Pacific white shrimp (Litopenaeus vannamei) native to the Gulf of Fonseca immediately following the flushing of numerous aquaculture ponds as a result of Hurricane Mitch in October of 1998.
In the current investigation, we tested the hypothesis that the mixing of captive and native stocks of L. vannamei in the Gulf of Fonseca as a result of the 1998 hurricane, possibly coupled with a chronic history of smaller scale releases, could be detected in the form of multiple genetically distinct subpopulations. Since it is well established that adult L. vannamei mate off-shore where their planktonic larvae are subject to the randomizing effects of winds and tides (Benzie 2000) , we would expect their postlarvae, which occupy shallow areas near shore, to form a genetically homogeneous, or panmictic, population within the approximately 5,000 km 2 area of the Gulf of Fonseca (Lester 1979) . Numerous studies utilizing genetic markers have assessed genetic heterogeneity in penaeid shrimps, although these comparison have generally been concucted over distances of hundreds or even thousands of kilometers (Benzie et al. 1993; Bouchon et al. 1994; Tassanakajon et al.1998a Tassanakajon et al. , 1998b Brooker et al. 2000; and Xu et al.2001, Zhuang et al. 2001) . In spite of this, levels of genetic differentiation have generally been found to be low except where major biogeographic boundaries act to disrupt gene flow (Benzie 2000) . We reasoned that genetic differentiation, should it occur within the relatively small overall area encompassed by the Gulf of Fonseca as a result of inadvertent shrimp farm releases, would be relatively easy to detect, given the results of a study by France et al. (1999) which showed extensive genetic variation among populations of hatchery-raised shrimp.
Methodology
Postlarval shrimp (L. vanname i) were collected from 33 sites occupying estuaries surrounding the Gulf of Fonseca, Honduras ( Fig. 1 (Fig. 1 ).
Collections were performed in shallow shoreline waters using a hand-held seine with a fine mesh sufficient to capture postlarval shrimp $3 mm in length. Postlarval shrimp were hand-sorted from fish fry and other invertebrates into appropriately labeled plastic screw-cap tubes filled with absolute ethanol, and shipped to the US at ambient temperatures. In the laboratory, ethanol was rinsed from the specimens in deionized water for 15 minutes prior to DNA extraction.
DNA was extracted from whole postlarvae up to ≈ 2 cm in length according to the procedure of Coen et al. (1982) (tissue was sectioned from postlarvae > 2 cm to achieve a final volume approximately equivalent to a 2 cm-long individual). Extractions were performed on 8-50 individuals per collection site, with the precise number depending on the abundance of postlarvae in a particular sample.
A genetic profile was developed for each individual postlarva from amplified fragment length polymorphisms (AFLP) according to the methods of Travis et al. (1996) , with the following modifications. The procedure was performed on an initial quantity of DNA equaling 50 ng per sample. A single primer combination was used, consisting of the selective nucleotides ACG and AGT attached to the 3' end of the EcoRI-and MseIprimer, respectively. Electrophoresis of amplified fragments was performed on an ABI Prism 310 Genetic Analyzer (Applied Biosystems, Inc., Foster City, CA). This required the use of a fluorescently-labeled EcoRI-primer during the final selective restriction fragment amplification, which was performed on a 2-fold dilution (in TE, pH 8.0) of the preamplification product. A 10-fold dilution of the final reaction product was performed in deionized formamide prior to electrophoresis.
The presence or absence of amplified fragments was tabulated on a per individual basis using Genographer Version 1.6 (Benham 2001) . Although several hundred fragments were identifiable over the entire sample with the use of this software, we adopted a highly conservative approach to fragment selection in order to avoid problems of low repeatability associated with certain loci. We accomplished this by setting the illumination intensity of the software within a narrow range (ca. 5 units) of its lowest possible value, and then selecting only those fragments and individuals for which $ 90%
of the data could be unambiguously scored, i.e. only those fragments for which all fluorescence peaks fell within a narrow range of intensity values. In addition, in order to avoid introducing an upward bias into our analyses of population structure, all loci for which the frequency of the dominant haplotype (x) was > 0.65 were omitted according to the x < 3/N rule of Lynch and Milligan (1994) , where N was set at a lower bound of 8 individuals per collection site.
Population structure was assessed using statistical methods specifically designed to overcome the shortcomings inherent in dominant marker data such as AFLP's (foremost among them the necessity of assuming Hardy-Weinberg equilibrium frequencies of alleles). First, an Analysis of Molecular Variance (AMOVA; Excoffier et al. 1992 ) was used to hierarchically partition the total genetic variance within and among estuaries surrounding the Gulf of Fonseca, using Arlequin Version 2.0 (Schneider et al. 2000) . Second, traditional F-statistics were computed using a newly-developed Bayesian method which requires no prior knowledge of the level of inbreeding occurring within populations (Holsinger et al. 2002) . Third, pairwise F-statistics were computed among all possible comparisons of collection sites using the F ST -analog, F', based on the mean similarity coefficient, S, of Lynch (1990) , where F' = (1-S ij ) / {2 -S ij -[(S i + S j ) / 2]} for two populations i and j. The significance of pairwise F-statistics was evaluated on the basis of a permutation procedure which randomized individuals over each pair of populations under comparison, with the use of Arlequin Version 2.0 (Schneider et al. 2000) . A total of 1,023 permutations were used to obtain each null distribution for the purpose of hypothesis testing under the null hypothesis of no differentiation, with alpha set at 0.025. A multivariate (UPGMA) cluster analysis was used to provide a visual representation of population structure with the aid of NTSYS-pc (Numerical Taxonomy and Multivariate Analysis System) Version 2.1 (Rohlf 2000) . Clusters were formed on the basis of pairwise similarity coefficients calculated according to Lynch (1990) .
Results
Although sample sizes were initially set at a minimum of 25 per collection site, a variety of unanticipated factors acted to severely limit these numbers, including the scarcity and unusually small sizes of postlarvae in several overharvested estuaries, the occasional contamination of samples with postlarvae of closely-related species, and difficulties in obtaining shipping materials necessary for adequate tissue preservation. As a result, the number of postlarvae of L. vannamei for which AFLP profiles were successfully constructed ranged from 2 to 22 individuals per collection site. In an effort to overcome statistical issues associated with small sample sizes, we therefore eliminated all samples with less than 8 individuals, leaving 19 collection sites in the overall sample, for a total N of 189 individuals (mean of 9.95 individuals per site; Table 1 ). We reasoned that any further statistical issues related to small sample sizes would only serve to reduce the power of our tests to detect significant patterns of differentiation within the Gulf of Fonseca, thereby rendering them more conservative.
Genetic structure was characterized from a total of 87 polymorphic molecular markers. Structure on a local scale was explored by AMOVA, with 16 groups formed from the 19 collection sites included in the statistical comparisons. Each group represented a single estuary: 13 estuaries were represented by a single collection site, while 3 of the larger estuaries were represented by 2 collection sites. The results of this AMOVA are shown in Table 2a , and demonstrate that differentiation among estuaries contributes 17.06% of the genetic variation within and among shrimp populations occupying the Gulf of Fonseca (df = 15, p = 0.0577). Within group differences among the collections sites also contributed a substantial portion of the higher order genetic partitioning within the Gulf, accounting for an additional 15.48% of overall genetic variation (df =3, p < 5 X 10 -6 ). Overall, the level of differentiation among collection sites represented 33% of total genetic variation among L. vannamei in the Gulf of Fonseca (df = 18, p < 5 X 10 -6 ). Holsinger's Bayesian estimator (Holsinger et al. 2002) others. For 13 of these sites, there were also several outliers which were highly distinct from all other postlarvae in the sample. This pattern is illustrated in Fig. 2 for the Boca de Conchalitos site. Once this pattern was detected, all outliers were omitted, and the cluster analysis repeated for these 18 collection sites. For the sake of illustration, a dendogram is presented in Fig. 3 , which was constructed from the composite AFLP profile of each core group (composite profiles were constructed by assigning the presence of a marker only when it was detected in > 50% of the individuals sampled from a site).
A second fixation index was calculated on the basis of Holsinger's Bayesian estimator (Holsinger et al. 2002) , using only the reduced set of 144 postlarvae representing the 18 collection sites for which a genetically homogenous core group of individuals could be identified (see Table 1 for a list of reduced sample sizes by site).
The overall F ST calculated from these data was striking at 0.35 " 0.01 (s.d.).
Likewise, the pairwise F-statistics calculated from the reduced data set (Table 3) were strikingly large for many of the comparisons among collection sites. On the basis of this analysis, a total of 10 statistically independent phenetic clusters were apparent, each The results of a second AMOVA, with the higher-order groups defined on the basis of the significance of the pairwise F-statistics, are presented in Table 2b . This analysis yielded a strikingly large component of genetic variance attributable to differentiation among groups, accounting for 49% of the total genetic variation (df = 5, p < 5 X 10 -6 ), which reflects the high level of coherence within phenetic clusters. Based on this analysis, partitioning among collection sites within groups was statistically in spite of accounting for < 1.5% of overall variation (df = 8, , p < 5 X 10 -6 ).
Discussion
The whether these values were corrected for within-population similarity.
Compelling evidence for the frequent escape of L. vannamei postlarvae from aquaculture ponds into the nearby estuaries of the Gulf of Fonseca is provided not only by the unexpectedly high levels of genetic differentiation among estuaries, but also by large average coefficients of inbreeding. Unfortunately, the high concentration of shrimp farms surrounding the entire gulf (see Fig. 1 ) was such that we were unable to obtain samples from truly pristine estuaries that might have been used to rule out the possibility that the levels of genetic differentiation we observed were actually the result of some heretofore unidentified natural process. However, we were able to bolster our conclusions by estimating inbreeding coefficients using the same Bayesian method used to generate estimates of F ST , although considerable caution must be taken in the interpretation of these values because they are much less constrained by the Bayesian model (Holsinger et al. 2002) . The sheer magnitude of the inbreeding estimates derived from the current data set, which were in excess of 0.99, is again consistent with the escape of highly inbred lines of shrimp commonly raised by the aquaculture industry throughout the world (Sbordoni et al. 1986; Harris et al. 1990; Sunden and Davis 1991; Wolfus et al. 1997; Xu et al. 2001) . Evidence of the mixing of wild and hatchery-raised shrimp has also been reported for P. monodon from a wild population in the Philippines, in the form of deviations from expected Hardy-Weinberg equilibrium frequencies among the alleles of 6 microsatellite loci (Xu et al. 2001 ). In addition, Klinbunga et al. (2001) reported contradictory results between nuclear (RAPD) and mtDNA markers in their assessment of genetic differentiation of P. monodon populations across the Malaysian peninsula which they hypothesized could have been the result of localized wild stock displacement by aquaculture activity.
Perhaps the most telling result in support of the escape of captive shrimp into the Gulf of Fonseca is provided by our finding that several phenetic clusters, comprised of individuals from multiple collections sites around the Gulf, were not limited to a single geographically isolated area. Several possible alternative explanations for the observed results, namely that the behavioral attributes or ecological requirements of the postlarvae caused them to be recruited to their natal estuaries, or that a small number of family cohorts were overrepresented in the data, deserve consideration. Recent evidence from a Caribbean reef fish (Elactinus evelynae) shows that, in spite of producing larvae that remain pelagic for about 3 weeks, reefs lying within as little as 23 km can be highly differentiated (Taylor and Hellberg 2003) . However, the average distance among collection sites found to be highly differentiated in our study of L. Vannamei were at times separated by < 3 km, and, unlike the reef fish studied, we were focusing on an organism whose adults are pelagic and do not release eggs in the vicinity of their natal estuary. The other alternative, that a so-called "sweepstakes effect" was responsible for distributing the postlarval cohorts of a limited number of highly fecund females among a disjunct distribution of estuaries, also seems unlikely given the sheer number of eggs that a single female would have to produce to create such an effect, as well as the fact that previous studies utilizing detailed temporal sampling of marine species with life histories optimally suited to producing such an effect have yielded negative results (Flowers et al. 2002) .
The consequences of these findings to the natural populations of the Gulf of et al. 1996a, 1996b) . Similarly, Klinbunga et al. (2001) conclude that, due to potential adaptive differences between natural P. Monodon populations and hatchery-reared larvae in Thailand, the pollution of locally-adapted gene pools is a matter of national concern. In the Gulf of Fonseca, the genetic integrity of the native L.
vannamei population has been severely compromised, resulting in the potential loss of a valuable genetic resource for future farming practices (Benzie 2000) .
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Adrian Oviedo, Gerardo Pavon, and representatives of the Committee for the Defense Gulf (blow-up boxes) . Black ovals encircle collection sites that were genetically distinct from all others. Shrimp farms are represented by blue-filled boxes. All collections were conducted within a tetrahedral area with intersections at the following coordinates (proceeding clockwise from the southwestern extreme): north latitude (N) 13º 22' 5.3", west longitude (W) 87º 43' 1.6"; N 13º 27' 0.2", W 87º 39' 45.1"; N 13º 28' 3.2", W 87º 34 ' 20.2"; and N 13º 1' 28.6", W 87º 17' 44.6 ". N 5 km 10 km Fig. 2 . UPGMA cluster analysis of similarity coefficients (Lynch 1990 ) calculated on the basis of 87 AFLP markers from 10 postlarvae of Litopenaeus vannamei collected from la Boca de Conchalitos, Gulf of Fonseca, Honduras. Diagonal slashes represent a breakpoint between a core group of 7 genetically similar individuals and 3 outliers. 
